Abstract-The selective harmonic elimination (SHE) strategy is specially well suited for high-power applications where the power losses must be kept below strict limits. The SHE technique is based on offline calculations and the generation of a preprogrammed voltage waveforms eliminating some low order harmonics. An evolution of SHE is the selective harmonic mitigation (SHM) technique which is based on pre-programmed waveforms non eliminating the low order harmonics but reducing the distortion below the limits imposed by a grid code. However, the main drawback of these pre-programmed SHE and SHM techniques is a low dynamic performance. In a recent paper, an online SHE technique based on the model predictive control (MPC) has been presented improving the dynamic performance of the conventional SHE method. In this paper, the online version of the SHM technique is introduced. It is based also in the MPC strategy and has been tested in a cascaded multilevel converter obtaining a high performance with very low switching frequency.
I. INTRODUCTION
The increasing demand of energy is leading to develop new high-power converter topologies to drive different types of high-power systems in the multi-megawatt range. In these systems, the power losses have to be kept below acceptable limits leading to reduce the switching losses as much as possible. In this way, a limited switching frequency (a few hundreds of hertzs) is applied to the power converters generating output waveforms with high distortion. In order to reduce the harmonic distortion content, the first solution is to choose an appropriate modulation technique.
The pulse width modulation (PWM) methods are based on the generation of the switching pattern of the power converter comparing the reference voltages with triangular carriers of frequency f c . The carrier frequency f c has to be low in order to keep the switching losses below acceptable limits. The obtained switching pattern generates the desired fundamental frequency but presents high distortion around f c component. In this way, the distortion in the f c component is located in the low frequency range making expensive the filtering stage. Summarizing, the conventional PWM, a well-known solution for medium-power applications, cannot be used for high-power systems. In order to solve this problem, several pre-programmed PWM techniques have been introduced. These strategies are based on the offline calculation of voltage waveforms which have the desired harmonic spectrum. The voltage waveforms are defined using a limited number of switching angles α j (j=0,. . . , k-1) in the first quarter of period. An example of this pre-defined voltage waveform with three switching angles is represented in Fig. 1 .
The selective harmonic elimination technique (SHE) sets the amplitude of the fundamental harmonic and makes zero k − 1 harmonics where k is the number of switching angles used per quarter of period [1] . Usually, the low order harmonics are chosen to be eliminated reducing the cost (economical cost, size and weight) of the necessary filters. Recently an alternative pre-programmed PWM method has been presented. The selective harmonic mitigation technique (SHM) [2] , [3] uses also the pre-defined waveforms represented in Fig. 1 but it does not try to eliminate some harmonics. The SHM technique sets the amplitude of the fundamental harmonic and keeps the harmonic distortion below the limits imposed by a grid code, such as for instance the EN 50160 [4] and CIGRE WG 36-05 [5] ). In Table I , all the limits specified in these specific grid codes are detailed.
On the other hand, another strategy to reduce the harmonic distortion keeping limited the number of switchings is to use a multilevel converter topology. The multilevel converters can generate output waveforms with a high number of voltage levels at the expense of using a more complex topology. The pre-programmed SHE and SHM techniques have been applied successfully to multilevel converters. This paper is organized as follows; in section II the main characteristics of the pre-programmed PWM techniques are introduced. Secondly, section III describes the MPC principle. The proposed MPC based SHM technique is presented in section IV. The obtained results using the MPC-SHM method are presented in section V. Finally, the conclusions of the paper are detailed in section VI.
II. PRE-PROGRAMMED PWM TECHNIQUES
As has been introduced previously, a pre-defined voltage waveform with k switching angles α j (j=0, . . . , k-1) has a harmonic spectrum that can be studied using the Fourier analysis. The amplitude of each harmonic can be obtained using the following expression where H i is the amplitude of the i th harmonic:
A. Selective Harmonic Elimination Technique (SHE)
The SHE technique sets the amplitude of the 1 st order harmonic to a desired value, called modulation index (M a ), and makes zero the amplitude of a limited number of harmonics. Using k switching angles, a maximum of k − 1 harmonics can be eliminated. Normally, the lowest odd non-triplen harmonics (5, 7, 11,. . . ) are the most interesting harmonics to be eliminated. This is because, due the symmetry of the waveform, even harmonics have zero amplitude and triplen harmonics can not appear in topologies without neutral connection. The SHE technique is based on solving the following system of equations where i=5, 7, 11, . . . , q and q is the highest harmonic order to be zeroed:
Solving these equations, the values of the switching angles are determined for each value of the modulation index. Usually, these results can be stored in a look up table (LUT) where the input variable is the modulation index and the output are the corresponding switching angles [1] .
B. Selective Harmonic Mitigation Technique (SHM)
The SHM technique takes into account the actual requirements of the power quality summarized in standards and grid codes. These requirements do not force to eliminate some specific harmonics but to reduce them below some acceptable limits. Taking into account this fact, the SHE technique cannot meet these grid codes because the non-eliminated harmonics are not controlled and their values can be above the limits imposed by the grid codes. In addition, the elimination of all the harmonics taken into account in the regulations using the SHE technique would lead to use a high number of switching angles and, consequently, to increase the switching frequency and the corresponding switching losses to unacceptable values.
The SHM technique can be formulated with the following system of inequalities where M a is the modulation index and L i is the maximum limit of harmonic i th (i=5, 7, 11, . . . , 49) imposed by the applied grid code:
In previous publications, these equations have be arranged into an cost function to be minimized by an optimization method. This function could be defined as follows:
Several optimization methods as tabu search, ant colony, particle swarm or simulated annealing can be used to solve the system. Using any of these optimization algorithms, the values of the switching angles are determined for each value of the modulation index building the corresponding LUT.
C. SHE versus SHM
In previous publications, it has been demonstrated that the SHM technique is able to generate output waveforms with better harmonic performance compared to the SHE method. If a high enough number of switching angles is used (15 switching angles in [2] ), the SHM technique can fulfill the grid code without any extra filtering stage. This cannot be achieved by the SHE method because some harmonics have unacceptable limits because they are not controlled. If the number of switching angles has to be reduced (usual condition in high-power systems), the SHM technique also achieves better results than the SHE method as has been shown in [3] . However, in this case, as the switching frequency is very limited, although both SHE and SHM methods cannot meet the grid codes, the SHM technique is able to reduce the filters needed to fulfill the power quality requirements.
However, it is important to notice that, both SHE and SHM methods, are based on offline calculations and assume that the modulation index is constant during at least one period (20 milliseconds for a 50Hz waveform). This fact makes that these pre-programmed PWM techniques have a low dynamic performance reducing the number of potential applications of these modulation techniques. In fact, this is an important drawback of SHE and SHM and several recent publications have tried to improve their dynamic performance with limited success [6] .
Recently, a SHE technique based on the model predictive control (MPC) has been presented [7] . This SHE-MPC method is an online technique that takes advantage of the discrete model of the power converter and the sliding discrete fourier transform (SDFT) to determine the harmonic distortion of the output voltage waveforms.
III. BASIC OPERATION OF THE MODEL PREDICTIVE CONTROL
Any power converter is formed by the connection of different power devices and its operation is defined by the switching of the semiconductors. In this way, a power converter has a finite number of states defining the possible switching of the converter. For instance, if a conventional three-phase two-level voltage source converter is used, only eight possible switching states can be applied to the converter.
The MPC technique is based on the prediction of the control variables using an accurate model of the power system [8] .
A cost function g is defined where the control targets are described as error factors which have to be minimized. When a sample of the system is taken, during the sampling time T s the MPC controller predicts the behavior of the system for all the possible switching states of the converter. Each possible switching state of the converter is evaluated determining the corresponding values of the cost function. Finally, the MPC technique applies during the next T s the switching state that minimized the cost function.
In [9] , several cost functions are introduced to control different targets such as the currents, the torque and flux, the common-mode voltage, the dc voltage balancing and the reactive power compensation, among others. The cost function can be simple only containing control variables with the same nature (for instance, the output currents) but it can include several terms of different nature. As the different terms could have different units, it is necessary to introduce weighting factors λ i to obtain good results from the MPC technique. In this way, the cost function could be defined as the sum of different control objectives, each one with the corresponding weighting factor as follows:
where the variables to be controlled are denoted as x i (t) (i=1,...,n) and their corresponding predicted values are x p i (t). The tuning procedure of these weighting factors is not obvious and is one of the drawbacks of the MPC technique. However, recently a simple procedure was introduced to tune the weighting factors [10] .
IV. PROPOSED MPC BASED SHM TECHNIQUE

A. Model of the converter
The proposed MPC-SHM technique is applied to a threephase multilevel cascaded converter and it is convenient to consider the three phases simultaneously using the space vector representation in the αβ frame. As in the MPC-SHE case introduced in [7] , to reduce the number of calculations, and avoid larger dv/dts, only the six closest vectors and the present space vector (seven in total) are considered for the prediction.
B. Cost function
The control objective of the MPC-SHM is to follow the voltage reference, to control the low order harmonic distortion and to reduce the switching losses as much as possible. These three objectives are included in the following cost function
In this cost function, the sliding discrete fourier transform (SDFT) is used. The SDFT is a recursive implementation of the discrete Fourier Transform algorithm used to calculate a finite number of single frequency spectral components with very low computational cost [11] , [12] .
The first and second terms of the cost function, (6) and (7), evaluate the error between the dc component and the fundamental harmonic of the reference and the predicted output voltage respectively.
The third term (8) is the sum of the distortion of those harmonics that have to be kept below acceptable limits imposed by the grid code from the 2 nd harmonic to the N th . Taking into account this third term of the cost function, the switching state that minimizes the distortion of these undesired harmonics will be chosen. The weighting factors λ i are used to control the importance of each one of the harmonics in the cost function. In this way, the effort trying to reduce the harmonic distortion of harmonic order i th can be relaxed or strengthened depending on designing considerations. This fact will be very useful for the final proposed control design.
Finally, the fourth term (9) is used to reduce the number of commutations. This term is necessary since the first and second terms could force a high number of commutations in order to achieve the control targets. The variable x 
C. Control design
The cost function previously defined can be used to achieve the SHE control target, that is to eliminate the distortion of harmonics from 2 nd up to N th . The idea introduced in this paper is to use variable weighting factors λ i relaxing the condition of eliminating the distortion of those harmonics. The proposed MPC-SHM technique can be summarized using the block diagram represented in Fig. 2 where a weighting factors tuning block has been added to the previously introduced MPC-SHE method [7] . This additional block is only executed each period of the reference voltage that is 20ms while the MPC blocks are executed each sampling time T s .
In the proposed MPC-SHM technique, the weighting factors are defined as
where λ 0i is the initial value of the weighting factor corresponding to i th harmonic. The factors λ i are modified by σ i taking into account the normalized errors of the harmonic distortion of i th harmonic defined as
where D i was defined in (3) introduced to create a margin of safety between the obtained distortion and the limit imposed by the grid code. For instance, if m 1 is equal to 0.8, it means that factor σ i will be higher than 1 if the normalized distortion of harmonic i th is higher than 80% of the limit imposed by the grid code.
The factors σ i are defined as a piecewise function that depends on the normalized distortion error E i as follows
where kp i is defined as a proportional gain and m 2 marks the margin where the weighting factors are lower than 1. For instance, if m 2 is equal to 0.5, it means that factor σ i will be lower than 1 if the normalized distortion of harmonic i th is lower than 50% of the limit imposed by the grid code.
V. SIMULATION RESULTS
Several three-level power cells formed by full H-bridges can be associated to build a converter with a higher number of levels. In general, if m power cells are connected in series to build the converter and all the cells have the same dc voltage, the number of levels that can be achieved is 2m+1. This topology is named symmetrical m-cell CHB converter and it presents great properties as a high modularity and reduced number of switches [13] , [14] .
This section presents the results obtained using the MPC-SHM technique in a seven-level three-cell symmetrical CHB converter. In the computing process, the limits specified in the EN 50160 [4] and CIGRE WG 36-05 [5] grid codes have been considered but any other could have been chosen. Table III where the information about the obtained harmonic distortion in the line voltage V ab is included. It can be clearly observed that the proposed method effectively reduces the distortion of all the harmonics taken into account. In addition the fundamental component is accurately controlled and load currents are highly sinusoidal. It can also be appreciated in the phase voltage that the algorithm performs only a few commutations per cycle. This can be clearly observed in Fig. 5 , where the transient of the average switching frequency is plotted. The final average switching frequency over one second of operation is equal to 127.7Hz using the MPC-SHM technique. The same experiment has been carried out changing the Fig. 6 . MPC-SHM average switching frequency compared with the results obtained using the MPC-SHE [7] for the three-cell seven-level CHB.
modulation index value from 0.6 to 1.25 obtaining a high performance. In Table IV , the worst harmonic distortion for each harmonic taken into account in the MPC-SHM technique for the complete modulation index range have been summarized. It can be observed that even in the worst case, the distortion is always below the limit imposed by the grid code. In addition, in Fig. 6 the average switching frequency for each modulation index value has been represented. It can be observed that the power losses will be kept very low independently of the modulation index value. In addition, the results have been compared with the corresponding ones using the MPC-SHE technique. It can be observed that the harmonic mitigation concept helps to drastically decrease the average switching frequency of the converter.
VI. CONCLUSIONS
A modulation method based on model predictive control and using the SDFT algorithm has been presented achieving, with very low switching frequency, a reduced distortion in the low order harmonics. The obtained results are similar to the previously introduced selective harmonic mitigation method. However, the proposed technique is computed online leading to an improvement in the dynamic performance. The method can be applied to any converter topology with any number of levels in a simple way. The obtained results demonstrate that a large modulation index can be used achieving a high performance even in the overmodulation range.
